The electromagnetic response of metamaterial can be managed by combining resonances and interferences of different materials and on different lengths scales. In our contribution we study composite metamaterials containing resonant plasmonic metallic nanoparticles that show organization. The material bases its non-conventional properties on short distance self-organization by mesogens that form a liquid crystal material. We analyze the properties of such materials with a structural model containing organized nanoparticles. Theoretically insight of the electromagnetic properties is provided and we give details on their optical properties.
INTRODUCTION
Metamaterials today are often realized as complex structured meta-surfaces. Their functionality is based on combination of plasmonic resonances in metallic nanostructures and interferences. Novel concepts of bottom-up fabrication using liquid crystal self-organization promise the realization of bulk metamaterials. Different concepts are used to realize selforganization in composite materials. On one hand mixtures of nanoparticles in a liquid crystalline host material are done and on the other approaches exist to realize an entire materiel incorporating the nanoparticle in the constituent molecule itself. The approach using mixtures leads to material system with usually very low volume fraction of nanoparticles and suffers for de-mixing and segregation [1] . Furthermore, nanoparticles that become optically effective have sizes larger than 5 nm and disturb the order order self-organizing host. At a certain load this will either destroy the capability of the host to maintain the order or will lead to phase separation. Nanoparticles larger than 10 nm in diameter have dimensions that are comparable to the minimal volume for self-organization estimated by the classic continuum theory for liauid crystal [2, 3] and will heavily influence the properties of the mixture. It can be expected that such particles will be organized by defect networks as found in blue phases for instance. Organization on a smaller scale and number was already demonstrated [4] . What concerns the entire composite materials with gold nanoparticles, only very view such self organizing materials based on liquid crystals are demonstrated up to now [5] [6] [7] [8] [9] [10] [11] . In all of the cited examples liquid crystalline behavior was found and existence of a structural anisotropy could be proofed. Analysis was done by classical techniques of materials such as electron microscopy, x-ray diffraction and thermal analysis of phase transition with calorimetry. The metal nanoparticles used to prepare these substances where rather small and no particular optical effects could be demonstrated. Especially the coupling of the electromagnetic field between resonant nanoparticles is of interest to design effective plasmonic metamaterials. The material design concepts in all approaches are rather similar: One uses mesogen molecules that are crafted via linkers on the gold nanoparticle surface and hopes that the mesogen self-organization force leads to liquid crystalline phases. Several aspects are important for a successful design and have not been investigate to a large extend up to now. There are the size distribution of the nanoparticle, the number of mesogen units/spacer to be found on each nanoparticle, the length of the spacer compared to the mesogen molecules, the ratio of mesogens and additional ligands and the possible migration of the anchor position on the nanoparticle to cite the most important. *Toralf. Scharf@epfl.ch; phone 41 32 7183286; fax 41 32 7183201; opt.epf.ch
MATERIAL DESIGN CONCEPT

Molecular design principles
In our approach we use rod like nematic liquid crystal molecules that are grafted onto gold nanoparticles via spacers. In a purely geometrical picture the particle size, spacer length, mesogen unit size and the number of anchored molecules on the nanoparticles are important to design self-organization properties. For large nanoparticles the wrapping molecules (spacer and mesogen) need to be differently designed to achieve self-organization because the volume ratio between particle and mesogen becomes significantly different. In principal there is the length, form and the stiffness of each unit to consider too. In a simplified model all these parts are rods that can turn around their anchor points. In Figure 1 a) The building blocks are assembled on the nanoparticle in different ratios. An illustration with rather low density of building blocks on the molecule is shown in Figure 1 b). The number of spacer and ligand molecules has to be carefully chosen. The ligands are needed to prevent migration of the spacers onto the nanoparticles surface and to determine the density of spacers hence the number of mesogen units attached to each nanoparticle. Already the sketch in Figure 1 b) makes clear that a higher numbers of molecules will lead to steric interaction between the mesogen molecules and possibly to self-organisation. Note that the position of the anchor points on the nanoparticle cannot be chosen in chemical synthesis so easily and several configurations might appear. The length of the ligands and spacer molecules needs to be optimized too. A long spacer promises more mechanical flexibility but might introduce also a larger distance between neighboured nanoparticles. From the design of effect electromagnetic properties one knows that a distance between nearest neighboured nanoparticles of approximately one time the nanoparticle diameter should be reached. Larger or longer molecules, either ligands, spacer mesogens, might increase the effective distance between nanoparticles and will prevent from electromagnetic coupling.
Control of anisotropic self-assembly
A first realization of liquid crystalline gold nanoparticles with different constituents is given by Mang et al. [12] . In this work three different configurations were studied: gold nanoparticle wrapped by spacer-mesogen molecules, gold nanoparticle wrapped by ligands and spacer-mesogen molecules, gold nanoparticle wrapped by ligands and spacermesogen molecules with longer ligand and spacer molecules. Two mesogen units were used with different length. The gold nanoparticles vary slightly in size. All nanoparticle systems studied showed the ability to form mesoscale organization and structures with long-range order. However, each system shows a distinct different phase. Keeping the same mesogen, the controlling parameter, evidently, is the volume of the ligand present. In order to illustrate this point, schematic drawings of the nanoparticles covered by ligands and spacer-mesogen molecules are shown in Figure 2 . The illustration shows same basic geometries in a hard shell model that are likely to appear if a nanoparticle is wrapped by mesogen units: a sphere, a cylinder or barrel.
Figure 2 Illustration of possible basic geometries of wrapped gold nanoparticles for different ligands, spacers and mesogen units. In a) the internal structure is shown that can be modeled as a cylinder containing a nanoparticle as in b), a sphere containing a nanoparticle as in c) or a barrel containing a nanoparticle illustrated in d). Which model is adequate has to be analyzed carefully by structural investigations.
The hard shell building blocks could be assembled in different manner delivering 2 or 3 dimensional order. The configurations shown in Figure 3 are proved to appear under different circumstances. For instance if the mesogen is attached exclusively via the spacer onto the nanoparticle surface (no additional ligand) a model using a regular arrangement of separated cylindrical building blocks as in Figure 3c ) describes accurately the situation. Incorporating ligands lead to hexagonal columnar structure with closely positioned nanoparticles as in Figure 3 d ). Varying the length of the ligands and spacer leads to a loss of the columnar structure and a model with isotropic dispersed spheres becomes adequate (Figure 3 a) ). Staring from this isotropic situation, a change of mesogens to longer molecules (from three to five aromatic rings) induced anisotropy as illustrated in Figure 3b ). These example illustrates that with a reasonable design of ligands, spacer and mesogen it seems possible to almost chose the arrangement. Note that the model oversimplifies the situation because it does not take any molecular interaction into account. Figure 3 Arrangement of the geometrical shapes of Figure 2 in three dimensions as found in [12] . The multitude of structures that appear gives an indication of the potential of self-organized system that might be at hand for metamaterial design. For clarity we illustrate possible arrangements of basic units without and with the incorporated nanoparticles. A random structure is shown in a), a columnar arrangement without bond order in b), a columnar phases with low degree of order and a columnar phases that result in a close nanoparticle distance.
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LIQUID CRYSTALLINE PLASMONIC MATERIAL
Material preparation and characterization
To realize a metamaterial, plasmonic coupling of electromagnetic fields of neighboured resonant entities is a prerequisite. Such a coupling is found when the metallic nanoparticles are close together and as a rule of thumb their distance should not be more than their diameter to allow effective coupling. The wish here is to use large nanoparticles of several ten nanometres which is contradictory to the length scale of auto-organization in classical liquid crystalline host materials of only several ten nanometres. The classical rod like molecules like cyanobiphenyls (5CB for instance with two aromatic rings) used in liquid crystal technology measure several nm in length and half a nanometre in diameter. Larger molecules can be utilized with the disadvantages of creating materials of high viscosity and therefore long relaxation times. Another problem will be the elastic constants that are difficult to control for macromolecules that show behaviour like polymers. Both, viscosity and elastic constants become particularly important for the alignment of the material in large domains, structure analysis and optical investigations. Two aspects are of particular importance: The sufficient size of nanoparticles to achieve efficient plasmon resonance effects and the ligands anchored on the particles that control the self-assembling properties. In our case a material was designed on the bases of nanoparticles having an approximate diameter larger than 3 nm. The size allows to observe the raw nanoparticle plasmonic resonance as a peak. Additionally this size compares well with the mesogens and ligands dimensions. The material is synthesised in several steps starting with the nanoparticles, their functionalization and attachment of ligands and mesogen groups via their spacer. The sketch given in Figure 1 shows the approximate size of the different components at scale in a purely geometrical model that can be used for illustration. The mesogen used for the NP functionalization consists of a rod-like system formed by three aromatic rings flanked by flexible alkyl chains that serves as a spacer (Figure 4b ). Such molecules exhibit a thermotropic nematic phase in the bulk. Their melting behaviour were characterized by polarized optical microscopy and differential scanning calorimetry which shows an isotropic-to-nematic transition temperature of 62.3 °C (61.9°C) and nematic-to-crystalline transition temperature of 45.7°C (13.5°C) following heating (cooling) scans. The maximum birefringence Δn of the mesogen was measured to be 0.19 close to its nematic-to-crystalline transition temperature; the measurement was performed in a standard liquid crystal cell with antiparallel polyimide alignment layers filled by capillarity with the mesogen compound and using a polarisation microscope in combination with a compensator (Berek type). Briefly, the gold NPs were synthesized following the Brust method [12, 14] and covered in a second step with a hydrocarbon monolayer (hexyl-or dodecylthiol). In a further step, the hydrocarbon functionalized nanoparticles were reacted with the presynthetized mesogens in dichloromethane for several days, resulting in the formation of the monolayer-protected liquid crystal gold nanoparticles following an exchange reaction, as shown exemplarily in Figure 4a . The mesogens include an undecyl
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200 um spacer that separates them from the NP core and that is linked via a thiol group to the gold surface of the nanoparticle. The physical properties of the liquid crystal gold nanoparticles were analyzed by means of 1H-NMR spectroscopy, transmission electron microscopy (TEM) and elemental analysis to determine the nanoparticle size and the number of mesogens and ligands on the nanoparticle surface. The raw nanoparticles studied here have a size of 3.4 ± 0.7 nm as indicated by the TEM images in Figure 5a . As previously reported [5, 6] , the calorimetric scans and polarization microscopy observations for small particle composites clearly showed an enantiotropic behaviour with the observation of a nematic to isotropic phase transition. On the other hand, for the larger liquid crystal gold nanoparticles identification of phase transition is not so obvious and only weak signals can be observed that are interpreted as a glass transition in the differential calorimetric scan. This difficulty of finding a pronounced phase transition feature tends to indicate that the phase transition introduced by the mesogen ligands could only be established for very long relaxation times not accessible in calorimetric characterisation. This is easily understandable by considering that the viscosity of the substance with larger nanoparticle diameters was found to be much higher as that one with small entities. Because of high viscosities it will therefore be difficult for the mesogen units to establish an ordered state in a short elapse. The high viscosity also needs to be considered when large uniformly aligned domains of samples have to be prepared for optical investigations. Alignment of the samples can be done by shearing with high shear rates. We succeeded in creating aligned domains with several hundred microns as typical dimension and very thin layer thickness of only 50-100 nm. 
Optical properties
To clarify the origin of the observed anisotropy further investigations are needed. A material that bases its optical properties on plasmonic effects needs to show particular properties based on the plasmonic composites. Careful analysis is needed to separate the effects from the classical birefringence colour effects created by interference. A clear observation of the plasmonic absorption peak is needed to clarify the origins of optical properties. The usual way are investigations of polarization depended spectral properties and measurements of transmission spectra for different orientation of aligned samples. Such measurements are presented in Figure 6 using a single polarizer to set the incident light state of polarization. The polarization dependant absorption measurements were performed by coupling a fiber optic spectrometer (Ocean Optics HR2000) to the polarizing microscope (Leica DMP). The samples were mounted on a rotation stage aligned with the microscope optical axis so as to always probe the same sample area as the stage is rotated. Extinction spectra were recorded with a fixed incoming polarization by placing a polarizer in the illumination path while the sample was rotated in order to monitor the optical response as a function of the angle θ between the polarization axis and the shearing direction. The absorption spectrum of the 3.4nm liquid crystal nanoparticles ( Figure 6 ) shows some interesting features. A first observation is the presence of a clear plasmonic peak, in contrast to a rather weak plasmon signature observed in solution (not shown here). One possible interpretation is that the strengthening and red-shift of the plasmonic resonance stems from the coupling between the isolated nanoparticles resonance as they are in close proximity in the liquid crystalline phase. While the nanoparticles are well separated in solution, their separation distance is reduced below 3 nm in the thin film (as measured by grazing-incidence small-angle scattering experiments (GISAX), not shown here), allowing near-field coupling between the nanoparticles. Regarding the polarization dependence of the plasmon resonance, we observe a redshift of the peak position from 540 to 590 nm when the sample is rotated between orthogonal positions corresponding to an incoming polarization perpendicular (θ=90°) and parallel (θ=0°) to the shear direction. This can only be understood considering the signature of the birefringent nature of the medium surrounding the nanoparticles and the anisotropic arrangement of nanoparticle as will be shown below. One finds a spectral shift of the plasmonic peak of more than 40 nm.
To clarify further the origin of the spectral shift a model has been established that uses structural information obtain from Grazing-incidence small-angle scattering (GISAX). The model is based on a particular arrangement of nanoparticles as shown in Figure 7 and on assuming an isotropic media surrounding the nanoparticles. Only short range order is included in the optical simulations. This assumption is based on the fact that the GISAX measurements reveal only short range order and an amorphous arrangement of complex unit cells need to be considered for larger volumes. Simulations that included a full picture of the anisotropy of the mesogen material are difficult to handle. The analysis delivered here is based on optical isotropic surrounding media and anisotropy is taken into account by varying the refractive index for one or the other polarization [20] . Such a model rather overestimates the effect of the optical anisotropy of the mesogens than the effect induced by the electromagnetic coupling of the nanoparticles. Furthermore this assumes that the material shows no optical activity, an assumption based on the nature of the mesogen phases (nematic) and the alignment technique (linear shearing). The simplest and most extreme assumption is that the mesogens are aligned along the shear direction. As a consequence, the local effective index sensed by the nanoparticles oscillates between the ordinary index of the mesogens (no~1.5) when the polarization is perpendicular to the director (θ=90°), and the extraordinary index (ne~1.7) when the polarization is parallel to the director (θ =0°). The experimentally found magnitude of the peak shift (~50 nm) in absorption measurements appears surprisingly high when compared to previous results obtained for nanoparticle mixed with liquid crystal of similar birefringence (Δn~0.2) where the splitting of the plasmon resonance was generally less than 20 nm if only an anisotropy of the surrounding is taken into account [17] [18] [19] . Additionally, theoretical estimations for this case based on the Maxwell Garnett effective medium theory, predict a maximum shift of the order of 30 nm (assuming the extreme case of refractive index for the host medium with n o =1.5 and n e =1.7) even when deliberately overestimating the nanoparticle filling fraction (up to 0.4 in volume while the GISAXS experiments indicate a filling fraction of 0.21). A potential explanation for such discrepancies can be found by considering the combination of structural and material anisotropies due to both the nanoparticle organization and the birefringence of the surrounding mesogens. The only valid explanation is that an anisotropic arrangement of the nanoparticles enhances the splitting of the plasmon resonance due to an anisotropic nearfield coupling between the NPs [15] . In a model that includes an isotropic surrounding with two different refractive indices for the two linear polarization states and near field coupling of the electromagnetic fields the extinction could be simulated based on Mie theory and a comparison between experimental finding and simulation is given in Figure 8 . In order to understand the impact of the geometry given in Figure 7 on the plasmonic response, theoretical calculations were performed using the generalized Mie theory [16] that explicitly takes into account the geometrical positions of all nanoparticles forming the unit cell cluster. The simulated geometry consists of a single unit cell with the nanoparticle arrangement described above and illuminated by a plane wave incident perpendicularly to the plane formed by the four nanoparticles. As already mentioned, the nanoparticle surrounding is treated as a homogenous medium with an extraordinary index n e of 1.7 and an ordinary index n o of 1.5, assuming the mesogen director, i.e. the slow axis, is aligned along the long axis of the nanoparticles aggregates. This fully reflects the considered geometry and orientation in the measurements. As can be seen in Figure 8 , the magnitude of the red shift of the plasmonic band is well reproduced by the simulations. An additional insight into the physical origin of the red shift can be gained by inspecting the electrical field map for the two orthogonal resonances. The electrical field distribution is pronounced different as can be seen for the two exemplary wavelengths and the corresponding polarization in Figure 9 . Figure 9 Simulated electromagnetic field distribution for two different polarization of the incident electrical field and at two different wavelengths corresponding to the plasmonic resonance of the combined unit cell. A pronounced directional difference is found that explains the strong shift of spectral absorbance features in the measurement.
The high local field intensities (bright areas in Figure 9 ) confined in the inter-particle gaps which are oriented along the incident polarization directions indicate a directional coupling between the near-fields of adjacent nanoparticle, in an analogous way as for nanoparticle dimers or chains. Hence, the observed red shift appears to be connected not only to the anisotropic refractive index of the surrounding medium but also to the selective excitation between these two orthogonal plasmonic modes. It is indeed important to note that a good match between experiments and simulations could be found only when both the liquid crystal birefringence and the anisotropic geometrical nanoparticle arrangement were taken into account. This confirms the essential role of the NP organization in explaining the huge shifts of the plasmonic resonances observed in the experiments. It is also worth mentioning that additional simulations were performed by repeating the unit cell along the different lattice directions but the best agreement was found for the case of a single unit cell, in accordance with the low correlation length found in the GISAXS pattern
CONCLUSIONS
In conclusion, a first realization of a plasmonic composite material that bases its optical properties on resonances in a complex unit cell could be demonstrated. The material design is based on careful choice of components such as ligands and spacers that are anchored on gold nanoparticles with size larger than 3 nm. Larger NPs (>3nm) exhibited a significant plasmonic resonance and could be used to proof the interaction of electromagnetic fields in aligned samples. Organization of the liquid crystal nanoparticles is driven by several factors where the mesogens provide the main force of self organization with short correlation length. Larger scale alignment needs to be brought to the material by shearing. Simulations show that the short distance organization and order determines the optical properties and allows understanding of main features. The high viscosity of the material leads to long relaxation times and phase transitions between different organizational states of the materials become less evident to detect. This is a problem that has to be attacked in future to come to materials that are easy process able. The combined effect of the mesogen birefringence and the anisotropic arrangement of the plasmonic nanoparticles lead to a strong polarization dependence of the metamaterials optical properties. These results demonstrate the ability to fabricate a self ordered and tunable metamaterial by chemical engineering of the nanoparticles with liquid crystalline mesogen molecules.
